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Tt>« Practical laipacc ol llaatahydrodjniaBlc UibrUatlii 


ORIGINAL PAGE IS 
OF POOR QUALITY 


tlai Cohydrodynaalc lubrication haa had Ita noaC al|nl(lcanC lapact on, among all the types ol concen- 
trat'd contact nachanlana, rolling alanant bearings. EHL technology, through Its Inclusion In com- 
puter codes, now provides us with more effective methods for optimising bearing design and for pre- 
dicting bearing Ilfs, power loaa, tsmperatuta and dynamic behavior. Bearing life prediction has 
advanced to a much more sophisticated level as compared to the calculation of fctlgue llf< based on 
Lundberg-Palmgren theory. Application of alastohydrodynamlcs to gearing haa, more or lesi, beet 
limited to the calculation of pitch point film thicknesses. Techniques lor calculating dim thick- 
nesses over Che entire range of tooth meshes for arbitrarily shaped gear teeth (noninvolute, spur, 
helical, ate.) naad to be developed. Elastomer seals with both unidirectional and reciprocating 
suclon offar a fruitful application for the clastohydrodynamlca ''f low modulua macarlsls. 


1. imoOCCTIOM 

Our present knowledge and underatandlng of elas- 
tohydrodynaalcs appears In an estenalva array of 
analytical and experimental research papers In 
tha literature. Ihase are s'jmmarlsad In several 
excellent review papers such as those by Dowson 
(1>, NeCrew, at al. (2), and Cheng (3). It la 
not the purpose of this paper to rerevlew the 
state of tha art of elsstohydrodynsmlcs , but 
rather to examine where and how It has been av ' 
piled, and. If posslbla, to assasa Its Impact. 
Papera dealing with EHL research, such as those 
summarlzad In (1-3), are relatively easy to un- 
cover In a straightforward lltaraCure search 
since their dominant thsme la elascohydrodynam- 
lea. Applications papera, however, are In gen- 
eral not so easily searched out becau'.a their 
theme Is usually a swc'.una element or system. 

Thu object of this paper Is to briefly 
trace tha application and Impact of elaatohydro- 
dynamlcs on rolling alemenC bearing, ^esr and 
seal technologies. As will be shown, elasto- 
hydrodynamtes has had Its most significant Im- 
pact on rolling elemant bearings wl’^h lesser Im- 
pacts, as of this writing, on geert and seals. 
ElasCohydrodynamic research has, firstly, lead 
to a better understanding of how bearings, gears 
and seals as well as traction drive elements, 
metal forming processes and huawn Joints func- 
tion. Secondly, It has Isipacted the design of 
these mechanisms. Its Influence on design will 
be traced. Finally, additional areas of re- 
search with applications potential will be brief- 
ly discussed. 

2. APPLICATIONS OF ELASTOHmODYNAMIC RESEARCH 

2 . 1 Rolling Element Bearings - Quasi Static 

2.1.1 Ball Bearings 

The evolution of analytic techniques for predict- 
ing ball bearing performance and life presents 
an Interesting story because It has been signifi- 
cantly Influenced by elastchydrodynamlc research. 
The first widely used ball bearing analyses were 


concalvad by Jonas (A and S) before there was a 
general awareness of elastohydrodynamlc lubrica- 
tion. Jonas made the assumption that coulomb 
friction existed at the ball race contacts and 
devalrpad his equations for a quasl-statlc anal- 
ysis on that assumption. This leads to tha com- 
monly known "race-.cntrol'' theory which assumes 
chat pure rolling (except (or .ieathcote inter- 
faclsl slip) can only occur at one of the ball- 
race contacts. All of the spinning required for 
dynamic equilibrium of Che balls would then take 
place at the other or "nonconcrolllng" race con- 
tact. Jones' analysis proved to be quite useful 
and accurate lor predicting the effects of speed 
and load on fatigue life, but It was not useful 
In predicting the onset and magnitude of skid- 
ding (ball and cage slip) which generally occurs 
under high-speed llglic-load conditions. Harris 
(6) extended Jones' analysis, retaining the as- 
sumption of coulomb friction but allowing fric- 
tional resistance to gyroscopic moments at Che 
nonconcrolllng as well as the controlling race- 
way contacts. Harris' analysis (6) Is probably 
quite adequate for predicting bearing perfor- 
mance under conditions of dry film lubrication 
when there Is a complete absence of any EHL 
film. 

Harris (7) first incorporated EHL relation- 
ships Into a ball bearing analysis. He used tha 
Archard and Cowklng (B) point contact film thick 
ness equation, assumed the lubricant to be New- 
tonian and that Its viscosity was a function of 
pressure and tesq>erature. As shown In figure 1, 
the analysis agreed better with skidding data 
Chan did the race control thaory. 

A revised version of Harris' computer pro- 
gram called SHABERTh was developed Incorporating 
actual traction data from a disk machine. This 
program was t'oen revised by Coe, et al. (9) sub- 
stituting subroutines for traction force based 
on Allen, eC al. (10) and film thickness versus 
load based on Loewenthal, et al. (11). These 
two computer programs were then used In an at- 
tempt CO correlate predicted and measured bear- 
ing operating temperatures and power loss. Typ- 
ical data are shewn in figure 2 (9). In general 
the revised SHABERTH progrim showed better agree 


UlIllMj, Andcraoa 


ORIGINAL PAGK Iti 
OK PiK)H gOALlTY 


2 


Mac with UO-aa bo*-- ball baarlng ruparlMnCal 
data. Iha principal d'flaranca batwaan th- two 
pro|taaa la cha flloi Cl.'cknaaa load ralatl mahlp 
aaaiawd, It ahould ba octad that r.hara la con- 
trovariy ragardlns tha (ll<i Cl .knaaa load rala- 
tlonahlp at high valuaa of contact atraaa. 
(lancla'a, at al, data (12) for point contact la 
aaan to ba In 'onfltct with tha data uaad by 
Loowar'.hal , al. (11) idilch waa obcalnad ualng 
on X*r.iy tr .nlqua and alllptlcal conCacta. 

In ch* aarly davalopoianc of EHL analyaaa It 
waa aatioaad that Cha Inlat r glon of tha contact 
waa f loodod with lubricant, and ouch of tha 
aarly citparlBanCa wrra carrlad out with ayatoow 
having a cnpioua aupply of lubricant. Orcutt, 
rt al. (li) drat pointed out tha puaalblllty of 
atarvod CHL contacta dua to raatrlcCad lubricant 
aupply. A nuodirr of Invaatlgatlona, both ana- 
lytical and aaparlnantal , hava alnca baan cr.i- 
ductad which confirm the po-alblllty of atarvad 
KHL contacta occurring In machlnr alonenta, and 
which now allow calculation of tha affacCa of 
Cha dagraa of aCarvatlon on flloi thlcknaaa. 

(Sae Hamrock, el al. (14) (or exoaiptv). Starva- 
tion la oioac llkaly to occur In aparaaly lubri- 
cated bearlnga auch aa inacnoaant baarlnga (13), 
and poaalbly In high apaed baarlnga, aa wall, 
even undar condltlona of coploua lubricant aup- 
ply. What nreda Co be d.>na to ba able to apply 
atarvatlon theory la to develop the ncana, baaed 
on ayatea dealgn and operating varlablea, to cal- 
culate the degree of atarvatlon In operating 
bearlnga . 

The key eleaenta In owre accurately predict- 
ing bearing performance arc better predlctlona 
of (lira thlckneea and tractive force. EleaCo- 
hydrodynemlca haa certainly aClOMlated reaearch 
on lubricant rheology which la leading to the 
development of better modela for calculating 
tractive forcee. 

2.1.2 Cylindrical Roller Bearlnga 

The development of analytic toola for predicting 
perforunce and life of cylindrical roller bear- 
lnga parallela that for ball bearlnga. Aa with 
ball bearlnga, the aaeumpclon of Coulomb friction 
at the roller-race contacta reaulted In poor cor- 
relation with aklddlng data. Rolle'.' bearing 
aklddlng at hlgli apeeda and llglit U ada la a 
more aevere problem then It la in ball bearlnga. 

Harris (13) flrat Introduced elaatohydro- 
dynomlca Into a roller bearing analyale. He ea- 
aumed that the lubricant vlacoalty waa an ckpo- 
nentlal function of preaaure end temperature and 
uaed Dowaon and Hlgglnaon'a method for determin- 
ing forcea (lb). Poplawakl (W) extended Harrla' 
analyale to Include fluid churning loae, cage 
pilot eurface friction and cage unbalance el- 
fccte. Finally, Kumbarger, et al. (IH) calcu- 
lated film thlckneea baaed on Powaon and Hlggln- 
eon (16) and Cheng'e thermal effects (19), and 
tn*ro*'uced a traction force eubtoutlne fitted to 
disk machine data. Tlie correlation of these 
three enalyaee with experimental data, taken 
from (18), la shown In llgure i. The increasing 
degree of aophlatlcatlon of the film thlckneea 
and tractive force calculation methods la evi- 
dent in the Improved correlation with experimen- 
tal data. 

An attempt was made by Ford, et al. (20) t< 
explain Inetabl 1 1 t lea In roller hearing cage 
slip as being caused by lubricant traction 
curves ‘dilch exlilblt a pronounced peak. Cage 
slip Instabilities, In wlilch the magnitude ol 
cage slip cycles back and forth between two dli- 


tlnctly different lava la, has bean observed by a 
nuasber of reecarchera. Traction curves exhlblt- 
<*ig a peak would presuoiably allow the equlllbrluoi 
of forces to h* sstlaflad at two distinctly dll- 
(erent cage speeds (or a given shaft epeed, vn 
undaratandlng of cage Inatabllltlea and other 
transient behavior owidas In rolling aleiwnt be.<r- 
Ings la nveesaary to further progresa In bearing 
technology. 

A detailed study of the sources of power 
loss In cylindrical roller bearings was carried 
out by Aatildge, at al. (21). Bearing power lose 
In aircraft turbine engines la critical because 
of the limited heat sink available to wl.lch the 
frictional heat generated can be rejected. Sur- 
prisingly, the moat significant single source of 
heat generation was found to be the EHL (lima 
between the rollers and races. The Dawson and 
Hlgg tnson (16) expression lor rolling friction 
was used. TVo cases were examined - one a rela- 
tively low (low rate lubrication aystem, and one 
a high flow rate ayatea. The heat generation In 
the EHL films was 62 and 60 percent, respective- 
ly, of the total bearing heat generation. Stud- 
ies such as (21) provide valuable Insight and 
guidance (or designers (scad with problems of 
optimising dealgn (or minimum heat generation or 
other bearing parometars. 

2.1.) Tapered Roller Bearings 

Wren, et al. (22) used Dawson and Hlgglnson (16) 
and Archsrd and Cowklng (B) to calculate, with 
the appropriately developed klnoastlca, the 
roller-cone, rollar-cup, and rollsr-rlb film 
thliknesaes . Investigations of this type and 
tho .e ui yarns (2)) can be used to optimise the 
contour ol the rul'.er end-rib geometries. This 
contact. Illustrated In figure 4, la critical to 
the successful operation ol tapered roller bear- 
ings St high speeds. High speed tapered roller 
bearings (or application In advanced transmls- 
slons and engines are under development. 

2.2 Rolling Element Baarlnga - Dynamic Ana lyses 
2.2.1 Ball and Cylindrical Rolls' Bearings 

The quasl-statlc snalyaca previously described 
are suitable only for describing steady-state 
bearing operation since they tacitly assume that 
an equilibrium of forcea exists at all times. 
Evidences of transient behavior and Instsblli- 
tles have been observed, for example. In gyro 
bearings by Horsch (24). These have provided 
the stimulus (or full scale dynamic analyses 
which will, hopefully. Improve our understanding 
of cage Inatabllltlea and other transient phe- 
nomena. Because of the even greater c.m'plexlty 
of dynsralr analyses as ctxopiired to the quasl- 
statlc type, accurate relationships (or film 
thickness and traction are evi . more critical. 

Walters (23) made the first attempt at an 
analysis to explain cage dynamics In gyro spin 
axis ball bearings. Although he simplified the 
analysis by placing certain constraints on ball 
siotton, he obtained some useful results. The 
EHL traction analysis developed by Wslowlt and 
Ksnnel was used by Walters. Gupta (2b) solved 
the generalised differential equations of motion 
of the ball In an angular contact ball bearing. 

He used Dowson and Hlgglnson (lb) with Cheng's 
(14) thermal and side leakage effects for film 
thickness calculation, and three traction modela. 
TWO traction models were developed experimen- 
tally and the third model assumed was a constant 
trsctlim coefficient. Solutions (or ball motion 
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•nd ikld war* obtainad. coatlnviad hit dy- 

namic analyaa* (or both cylindrical rollar baar- 
tngi (27 and 28) and ball baarlng* (29 and 30). 
Again, Dowaon and Hlgglnton v'tii Chang'* tharaal 
adacta ara uaad (or (11a thlcknaaa calculation 
tugathar with tractl-n aodala davalogod (or two 
lubrlcanta by Salth, Walowlt, and HcCraw. loa* 
o( th* raaulta obtainad Iron Cupta'a analyaaa 
arc atm balng Intarpratad, but thar* 1* no 
doubt Chat thay rapraaant an advanc* In our abll* 
Ity to undaratand and pradlct baarlng dynaatc ba- 
havlor. 


t- Prediction 


Conaidarabla advancaaanta have baan awd* ovar th* 
pact dacad* In th* analyata and undarttandlng ol 
rolling contact iallur* nachanlana and IKa pr*> 
diction. Elaatohydrodynanlca haa, without a 
doubt, provided Cha principal aClnulua (or theta 
advancea. It brought about an awaranaa* o(, and 
conaaquantly ralaCad raaaarch on, eh* naiiy (all* 
ui* nodaa that can occur In rolling alnaent bear- 
ing*. The** tnclud* claaatcal *ub*ur(ac* (a- 
tlgua, turfac* Inltlatad (atigue, and waar, de- 
pending on the alaatahydrodynamlc condition* 
preaant. Other baarlng (allure mode* are not 
geriaan* to thl* dlacuealon. 

Talllan (31) mat Invcatlgated the concept 
ol cuaq>etlng (allure uolaa, tha engineering pa- 
rameter* Induantlal In caualng contact (allure 
by any (allure mode, and ralecad (allure macha- 
nltma Co th* engineering parameter*. 0( partic- 
ular Intereat her* 1* the '.ppaaranc* In (31), 
thown In figure ), o( what 1* now kmrwn a* Che 
lambda curve - the relatloiuhlp o( bearing 1)1* 

CO th* ratio o( minimum (la thlcknaaa to com- 
noalte aurtace roughnea* (.low cu*a».nly dealgnated 
ua lambda). Talllan recognlacd the dependence o( 
the (allure nod*, and thu* o( bearing life, on 
Che value of lambda. H* rapurted obaarvlng aur- 
lace dlacrea* at value* of lambdc below l.b, but 
noted chat th* aeverlcy of Che aurface dlaCrea* 
wa* not only dependent on Che value of lambda 
bu' alao on the boundary lubricating ablllcle* 
ol ..he lubricant and the nature of th* rolling 
aurface* (1.*., aolld lubricant coatlnga). 

Skurka conducted fatigue Ilf* teat* of cy- 
lindrical roller bearing* operating under varlou* 
lambda value* (32), and developed an empirical 
equation cc predict the effect of varying lubri- 
cant and aurface (Inlah condition* on latlgue 
life. Similarly, Danner (li) conducted fatigue 
teaCa with capered roller bearing* operating 
under varlou* lambda value*. In conCraat with 
prevlou* data on ball and cylindrical roller 
bearing*, Danner'* tapered roller bearing data 
allowed a lea* aevare decree** In bearing life nC 
lambda value* lea* than 1. The bearing* uaed Co 
accumulate the data reported by Danner were car- 
burlied and generally had conalderably rougher 
aurface flnlahe* a* contraated with th* through 
hardened, more finely flnlahed bearing* reported 
on by Talllan and Skurka. One obaervaclon that 
can be made after aurveylng Che life- lambda 
curvv* 1* chat there la conalderable acatcer In 
life among bearing lot* Ceated at condition* re- 
aultlng In low value* of lambda Accordingly, 
the author* of (34) reconanend an average curve 
baaed on Talllan'* and Skurka'* data (fig. b). 


I The bearing life calculated from AFBMA 1* cor- 

rected by multiplying by the lAibrl cat ion- Lite Cor- 
rection Factor. Ref. rence 14, aa a dealgii man- 
ual lor the prediction of ball and roller hearing 
life Caking Into account ela*tohydrodynaa.lc aa 
well a* other factor*, la a teatlmony to Cht Im- 
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pact o( DIL on th* Incraaalngly aophlatlcated 
bearing Ilf* prediction technique* idilch have 
evolved. Anraaaon, at al. (33) davaloped an 
analytical aapraaalon (or cha IK* adjuatnent 
(actor which taka* account of th* lubrication In- 
fluence on bearing Ilf*. Andraaaon'* eapreaalon 
1 * nor* convenient to ua* .han th* graph pre- 
aentad In raferanc* 34. 

It 1* eaay to vlaualla* why there 1* aur* 
variation In IK* amona baarlng lot* run at low 
lambda* than at high lambda*. At lambda value* 
above 3 th* EHL dim I* thlca and contlnuou* with 
no algnlflcant aaparlty contact. Th* acre** dla- 
trlbutlon la do** to Ideal, (allure* arc claa- 
alcal aubaurfaca fatigue and, (or a g.ven lubri- 
cant, only the baalc material propartle* conacl- 
tut* a determining (actor. At low lambda* the 
altuatlon 1* Infinitely more coaqilex. With fre- 
quent or even contlnuou* aaperlty contact, mlcro- 
geueietry and atarvatlon affect* aa well aa 
lubricant-material chamlatry become critically 
Important. Bacaua* of It* complealcy th* low 
lambda or "mlaed DIL" regime 1* lea* well under- 
atood. It 1* alao here where th* greaceac poten- 
tial gain* can be mad* through further reaearch 
almply becaua* th* OMchln* alamant* operating 
her* are th* victim* of early mortality. It 1* 
not aurprlalng, from the** obaervaclon* , Chat 
much of EHL reaearch 1* now concerned with th* 
low lambda region. Liu, et al, (3b) determined 
that, at lambda value* below 0.3, Che variation 
In lambda explain* only a minor portion of the 
acatter of (atigue live*. Bearing type, aiaCcrlal 
type, aurface roughnea* range, and pre-exlatlng 
defect* all apparently contribute to th* IK* 
variation at low lambda*. Moyer, et al. (3i) 
dlacuaaea th* IK* raaulta obtained with tapered 
roller bearing* In term* of a time tranalt- 
hydraullc crack propagation hypotheal*. A re- 
greaaioii analyal* conducted on the data obtained 
with 28 lota of bearing* indicated that the time 
tranalr 1* a factor Chat cannot be neglected. 


Application* of Elaatohvdrodynamica to 
Bearing Teatlng and Field Problema 


There have, undoubtedly, been Innumerable exam- 
ple* of the application of elaatohydrodynamlc* 
to predict bearing EHL film condition* and bear- 
ing life before flnallcaClon of dealgn. There 
example* generally do not appear In publication* 
becau** they are merely part of routine dealgn 
procedure* In many engineering department*. Two 
example* of how elaatohydrodynamlc* a**l*Ced In 
defining and aolvlng bearing problem* will be 
deacrlbed . 

Bamberger, et al. (38) conducted fatigue 
teat* with 120-inn bore angular contact ball bear- 
ing* at temperiCure* from 203° to 313° C (400° 
to b00° F) In an Inert environment to prevent 
oxidation of the teat lubricant. Becauae of Che 
very low vlacoalty of the teat lubricant at Che 
hlgheac teat temperature It wa* ncceaaary to 
cluaely examine the DIL film condition*. Pre- 
liminary CeatJ were conducted In a rolling dlak 
mac) .ne to determine the film thlckne**** at Che 
three teat temperature* and expected bearing con- 
tact atreaae*. It waa determined that Che bear- 
ing raceway* would have to be honed rather than 
ground and pollahed to obtain a aurface flnlah 
fine enough to Inaure aatlafactory value* ol 
lambda at the ball-race contact*. Table I ahow* 
the film thlckne** and lambda value* obtained 
from the dlkk teat* and the ratio* of bearing 
life to AFBMA calculated life. The bearing L^q 
life at 313° C (b00° F) wa* approximately 13 
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gia4a4 III# «%h*I 4 M«*t ha%a kaan fK*aat^l« al lha 
hla^aal laal la«^aialMta «llh«H»l h»**«a4 ia«a«a«a, 
a ii«maiatHla«4 fio«a4t>ta at lha llna 

Ktiaaani at a I ia».Hml a al««i% t*l h»«« 

a ai«*^*l* ali»iafl t%>ihtna ar^lna nalnahaft 

hall haaiti> 4 a with aatl*%ial« 4la«tafaitl •Httai 
ta«a%a% auifa«a linlahaa %aia tna»K at lani l\ tu 
aialla4 in fi»«4tu t l««n attginaa, an4 lha *la|*a that 
%rta na»aaaatv I** talk#, ftiat, I** aaaaaa lha 
l*t*«hla«, aiul than l*» «i«tia«l ll (l^a haailng* in 
Ihia li«i ha4 »silai ia»a lia»k a«iila>a Mntahaa 
lan^lh# li'V «^.l'» **M |h »-tn.l l»* 0 "4 • t«.' 

• •in. I «ilh lha «al«*tll> in lha i aitga «*l 0 I" *itr 
via lit.) 4n anaUala «aa ma.Ia »«•« lha haala «*l 
IHl lhaoit l«* Jalattnina lha al'a«l »*C tha i .*t>iih 
aiil1a»a liniahaa »Mt haat tu^ llfa aii«< ita (•'•la 
%via « I a«l I »* \ait1% lha anaUaia Tha ta 

I ia«ta Ilia 4a* riwl >%a4 4kH li\|| • *%^isM«an| laata aaa 
IkS'tuI I.- ha a lani f I * ani l> laaa than lha lita «*l 
aimilai haaiii'a* %lth |*t»*|*ai liniahaa an4 * on 
al4aiahl^ laaa than |*ta4l«la4 h% a\ailahla ana 
.%tt«al -«'iho4a lha laatilla •'! lha analtala an*l 
«o |*onaii| laala at a ah.^anx In lla«<i# * Tha *lla 
*t»’i»an«% halaaan analvti%al llfa |*i a«l|« t t««n «n«l 
lha aaak»«a4 Ilia haaa4 ««n lha laal |«oinia la ha 
liata4 4v*' lo tha %l4a lan^a ««l a»>ila%a lintahra 
haar4 on thaaa laal laavtlla, a |*ia»l|*tlon «aa 
-Ka4r *'t ll^a niimhai of lall»«iaa rai*a»la4 tn a«lt«al 
atini*!^* an^inaa ha%t«>n a»ia|*a«t haai Itv^a aata 

ati» » aaa Iti I ll iali«*lilla4 lo |*ia»ln4a tha |S«aal 
hilili ol |*i<p««lk«ia haaitn^ fallniaa 

• ' k a a i a 

I ^aai lo«*lh «aahln|t *i*la la -r^oia 4|||t»i«li lo 
anali ta than la a hall **i lollai ia»a «.'nla»i 
In lha *aaa of haaiina# a ataa4i aCala altnali«Hi 
Initial la. In Ihr « aaa »«l a looth aiaahina 

*i»la a hi^hli nnalaa*U at ala .on*Uii**n ol 
thaniiina kina<Mait*'a v>ll*^^ loll iallo>, »ontatl 
loa4, «onia«t ga«wH'fii. aiul auifa»* I aMi|«« i al • i *' 
|•ll*\alla li.i- lha tiiai |«oint ol loolU ll|* » on 
I a« I lo lha an4 .*1 »onla«t al lha (oolh 4an4an 
4.. V»* li>ilhat «.w>|«ll»ala tha atioali%Hi, lh« 

HU ion4lliona that a\lal ChiOf^honl «a»'a l ol lha 
loolh ^ahiun «i*la aia anilhliig hnl i4aal. In 
all h%tl tha ^>'al lit^Mli loa4a4 iiaaia, loolh * on 
I a* I a air« al haal , tn lha #v\a4 l-hl ll not .Ml 
tight ho%>n%laii Uihiltall«Mi taglMa Ihla la lha 
laaal «»all nn4aial.«t>l iagl»«n In tha » aaa ol 
tolling haatinga opaialing al U*w lan4*»laa wa 
ha\a aaan that la»Coia %h|*h aia not ia| «>a . • 
miiitM a I *s'4 » anaa iatlail%«na »M , ami talaitia nn 
I«ia4i » I ahl 1 1 1 1 ol lliaa Siuh %lll fit'haMi ha 
lh«' «aaa %ilh gaaia until %a 4a\alo|* a hatlai 
inulai aC an«llng ol ni «t oga»«aa 1 1 1 » It^aia^al, an4 
lithii»anl iHalailal »hNMiaCii afta»la 

'l*l*l t« al lona ol a laa I *4»v4i ist «na<ai • a lo g* at 
Ing ha\a, lot tha a^«at |*ail« hi'on '.iaiita4 to )*ia 
4i*iiona ol ««Hiia«l k»Mi4lli»^ia al lha |*ll%h 
I'oinl. Ol lo a al«H«lll i» at ion ««l lha tianaiant 
»on4ili«*na ts»»>tiing Hu «*»«gh«*nl Cha <aaah|ug «i 
« la to a »;iiaai alaa»U slala atU<allon Wn*****!. 
al al a*ani»a4 a »laa*li i»tala alUia.t*Mi an»t 

4a\aloi*a*l math«sla lot « a l« *• '• at i ng 1 1 lai Ihi.knaaa. 
n«a nllllii of Ihla at*|*ioa»h ^aa »h«*%n hi l\i»i;«i 
V« I ^ %ho ohaatia«i a«%<s- » oi i a al i «*n haivran waai 
loolh iiaai an*l 1 1 lai lhi«tknaaa «aU»>lala%l on ihr 
haaia ilia «)iiaa l alaa4i alata aa a\iai|*l I on 

(:•• 4aialo|«a4 a tiiiailon. h«ao4 »*n a 


• *^*ntl»*Hi of lw\* fhtal«al llata a>alaa **f lha 
gaat aialnai. Cot #ffl«ing alaa«li atala ml 
lhaoilaa lo lha analaala of InvoUila gaai * on 
lakla ih>'a la«hnlgna • an hr i*aa4 to »al»ulata 
fll« lh|»gnaaa« »»Hifa»( |*taaa«iia an4 aiiila»a lam 
faialiiia Ma ta««ia«aan4a nalng lha |»tl»h foini 
laluaa lot III* Chl%gnaaa an4 «onla»l ^laaauia* 
ati4 Cha loolh Ilf ft»niia»l foi auila«a la»«^aialMia 
aa I # 1*1 aaani al ll a ol lha iab*al aavaia iali»aa l.'i 
Ih# gaai aiala*. 

4gin lal^ #%lan«la»l iha iioik ol P«^a«Hi ainl 
mggtnB«Mi 4ai ll Ing fill. Chtkanaaa a\|*iaa 

altHia lot a^lainal #n4 iniatnal afiti an*l h#li»al 
gaaia an.' lot altalght an4 a|*lial haial gaala 
4ktn'a lalal ionahi|*a a|*|*lir »miIi al lha l.s*lh 
fll*h llnaa an4 loi haial gaaia al aii4 I a> a t*nli 

I'lnkin, al al t-*-*^ aa»Mina4 lha iall4|li »*f 
iiatita mi tlllaila to |•la4l«l gaai a»oil«ig ha 
itaa«l 4ala ll.w Ihiaa |•l•hlla^a»< ak|*ai la^nl a I in 
\aaltgail»ma ol gaai a«oilng Ma *i^t«li»«la4 lhal 
g#ai a.oting o«»iiia nnJai fnlli h*Hni4aii 
l»ihtt«al#4 »on4lll»*na al la<«h4a lalora »«*nai4ai 
ahli hal.*% tha onaa ol lha *i%»*4 thl irgia* ha 
alao «ontlv»4a«l that laolhatiwal )hl III* lht»k 
naa%aa aia in allot hoih in mag«*lli.%l« an4 in 
1 1 ati4 ^ith it‘..*«iii, aa la lha aaakMM|*llon il«al 
l*ll*h |*otni Ilia* Ihiiknaaa la a irliah'.a iiulHa 
loi ol ’ttnlaaaa III?** Ihltknaaa aallaoai, al al 

lo«n»l that lha la4'4a |*ai*«*alai »»si«4 not ha 
».*a4 in4a|‘am?an| ll ol |*il»h lina ia.o«iti aa a 
«aana to 4 al#t*r|iu thr |*i t*h ah I • 1 1 1 of loolh •»•! 
Ia«a Utaliaaa l'la«ta ll Wr*. ao*i*a taia 

||«Miahi|* a>ik*ng la#ih4a, fll*h llna ia.o»iCi iin4 
lha 1*1 «*hahl 1 1 1 1 «*l lo**lh aiitfa*# 4|aliaa« 
kan#*-ai a .*haaii at Iona »aia aa folU^a 

t ; ' a*^an l***h4a a\. a*4a •*, no l»v*lh 4 la I laaa 
• til a 

t.*' khan .a-*h4a la hatvaan i' * aivl * 4lr 
Iwaa « an ha |*llling, i>aai ot a«oitng, 
4a.*an4lng «hi |l«a |*ta»iaa »on4lll%*na ol 
1 1 1«' at'ila*r Ukioia ano lk>hii*anl 
wh« n lanh4a la laaa than *' ‘ houii4aii 
It'hi i» at t»*n |*i« iaita an«> Uihii«anl aoi 
la. a |*!'iat.al an4 «he:^t.al ml at a« I i«*t^a . 
loa4c aivl t »*'«|*ai at . i aa |rr. oilant;i . .ni 
1 1 •* t .lialiaaa <«o.S*a an4 laiaa 

h.man I.s>n4 that a .iili.al .hanga in grat 

looll* |*lt(lng hahai'Oi aaa^^a l •* o« . til at a 'a'*h4a 
ol ah. Hit 0 i lial.*« Ihla lalna gaai lila ta in 
aattallH* lo loa4 II lainh4a iaU<aa ot 0 « ati.l 
ah.'ia Ihata la a alt.mg 4a)*an4an. •* .*1 |*iiting 
tlla .*n loa4 l^aia at*)**«i* l*' ha at Iraat ^oal 
llaliia agiaa*ani a"k*ng lha Iin4lnga ot ftnain, 
ka*. la.iai. ami h.*^an 

^•*kttaan«l v** ^ l*l#aanla a ^laaltU oiaiall iiak 
ol kaai 0 |*aialion, aii4 lha i.*ta o| a I aa | ««l>i 4i 
4itta-^l%B tn |*ia4i.|utg aaai |*ai I oi*nmt»a ha la 
ilcka i«*alh.siB |oi .al.nlallng III* ihi.knaaa an4 
a i*)*haa I aaa tha iaH*oitan«a ol kn.*kini. kf*al tha 
l*lO|*aitiaa ot lha Kihil.anl an4 ll* a44t(iiaa 
air k4t#n ll la 4atai«tna«l tt.al Ihr gaai aiata-.?^ 
la ot'ataMng in lha Miaa.l Ihl oi h«s>mlaii Uihl l 
. al l .*n I agiBw 

• ^ Ka» I |‘t al in^ >aa ( a 

llto.^i*la to a.ii am a lha aiala ol Cha ait ol la 
«ll*io«aling aaala ihiotmh lha ai*|*l l« at U*n ol 
a *. aa I .*l'i4i o.tina<«ii. a haia, ao lai, hran .,*n.aino4 
kllh gaining a hall at nmirt al an4lng ot aapataltng 
lllr* 4a\ * '. 0 |*rt*ant halkaan alaal.knat ttnga ao.t 
I'talona, lha ,*at loi‘*min. a ol )*tK«|«ti\g t Ittg aaala. 
ami a.anr au.lia' ol itta alla.Ia ol *' ling lot* 

.*t* 1 1 «?a I a ' .'|**rnt H.*th a aa t «*t*i .It o.tin**‘i • 
ami in\aiaa ' i .It o4iii*nii . awilitt. nrlh.sU ami 
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pliotMlastle and optical tatarfaroMtrlc aicparl* 
■antal aachoda hava baan uaad. 

Dowaon, at al. (4> and 49) conductad aaparl* 
■anta which ahuwad tood airacBani with an laovla* 
coua thaoratlcal curva davalopad bp Harrabruph. 
Tha coaplaalty of a trua alaatohydrodynaalc anal* 
yalt llaUta Ita faaatblllty to a atudy undar mart 
or laaa unllom valoclty condltluna, howavar, ao 
Hlrano, at al. (M)) uaad Invaraa hydrodynaalc 
thaory conaldarln^ both tha wadpa and aquaaaa 
ftla caraw alailtanaoualy. Hlrano, at al. (91) 
traatad tha caaa of alnuaoldally varying valoclty 
and found conaldarabla dlffarancaa In aaal pro- 
fllaa In tha puaplng and ravaraa atrokaa, Tha 
ratio of contact width to length of atroka waa 
found to be liaportant. Hlrano, at al. (il) in a 
photoalaatlc eaparta«ntal atudy found upper and 
lower valuaa of tha laad>da paraavta. hatwaan 
which alaatohydrodynaailc fllna axlata.. Uiw ra- 
tioa of the length of atroka to contact width 
Inhibit EHL fllai fonaatlnn, and In tha abaanca 
of EHL fllBM tha affacta of tangential .j.taca 
traction predoainata, caualng aayiBiatry of pro- 
ftlaa and praaaurea. 

Field, at al. (}2) conducted optical Intar* 
farooietry axperlnenta with a rectangular croaa 
taction alaatoBNr and found that the ahapa of 
tha leading edge waa inportant in the dcvalnpoent 
of an EHL film for thla particular gcunictry. 

Blok, at al. (53) had pravloualy ahown that the 
p.aaaure dlatributlon ia little affected by tha 
film profile bacauac of tha low ox>dulua of the 
alaatoaar. 

Cibaon, ct al. (54) atudiad the breakaway 
friction of 0*ring aaala. They found that atart* 
ing friction can be pradlctad with reaaonabla 
quantitative accuracy froa EHL thaory, and that 
atarting friction depanda on tha dwell period, 

Che acceleration, and tha Carailnal valoclty of 
the prevloua atroka. They found that atarting 
friction affacta contlnua until the aaal haa 
aiovad two contact wldcha at conatanc velocity. 
Their raaulta are aueniarlxad nicely In figure 9, 
ahowlng the atrong affacta of dwell time and 
terminal velocity. 

Pumping rlnga conaCitute another type of 
low capacity aeallng device. Zull, et al. (55) 
conductad an EHL analyaia of the pumping ring 
modal ahown in figure 10. Although the pumping 
ring Itaalf la not a low modulua elaaComer It la 
mounted on a accondary 0*rlng aeal whoae behav* 
lor affacta the overall praaaure pattern acting 
on the pumping ring. Tha pumping ring waa 
treated aa a flexible body and ita deformatlona 
co*<puted by a finite element a.ialyaia. Perfor* 
mance calculationa were made for a range of geo- 
metric variablea (ring length, thicknaaa, taper, 
and fflodulua; rod radlua, acroke anu frequency; 
0*rlng location and fluid dynamic vlacoalty and 
outlet praaaure), 

3. CONCUmNC REHAUCS 

It haa been ahown that the uae of elaatoiiydro* 
dynamlca In the analyaia of Tolling clement 
baarlnga la well eatabllahad. Ralationahlpa for 
minimum film Chlckneaa and tractive force have 
been Incorporated into computer codec uaed for 
bearing performance prediction. The lambda pa- 
rameter (ratio of film chlckneaa to compoaite 
aurfaca roughneaa) haa been ahown to be impor- 
tant in predicting bearing life and failure 
mode. At valuea of lambda below 3, failure 
modea other than Che claaa'.c aubaurface initi- 
ated fatigue can occur. The variation In life 
becomea appreciable at low lambdaa and analyaia 


Indlcataa that In thla region of mixed EHL or 
boundary lubrication a nuaibar of failure cauatng 
factorc, not yet wall undaratood, coma Into play. 
Theaa Include bearing type, material type, aur- 
face roughneaa and texture, pre-axlatlng defacta, 
lubricant aupply and lubricant-material chewla* 
try. It la hare chat further acudlaa are needed. 
Thla region la tha laaat well undaratood, and 
baarlnga operating in the mixed EHL regime auf* 
fer abort llvaa ao tha potential for gain la the 
graacaat. 

Tha application of alaatohydrodynamica to 
gaara la complicated by two principal factora: 
many gaara operate In the low laaibda region, and 
the rapidly changing condlclona in a tooth meah* 
ing cycle make an analyaia baaed on aCaady-atate 
EHL thaory approximaCa at beat. Becauaa many 
gaara operate at low lambdaa, failurac occur by 
acufflng and acorlng aa wall aa tooth pitting 
and breakage. In a tooth meahlng cycle allda- 
roll racloa, aurface cemperaturea, contact prea- 
auraa and contact gaumatry all change making It 
necaaaary to weigh carefully the value of apply- 
ing ateady atata thaory, DoaplCe theaa coaiplexi- 
tlaa ateady atate laothermal ChL theory haa dam- 
onatratad a reaaonabla degree o' correlation 
with gear performance. If further galp;. are to 
be made In predicting gear dlacraaa and failure 
modea and racaa, additional work to devalop a 
better underatanding of odcrogaoawtry, thermal 
and lubricant-material chemiatry affacta muat be 
done. 

liich uaeful work haa been dona to gain a 
batter underatanulng of film formation in recip- 
rocating elaatomer aeala. Here again, the phya- 
Ical altuatlon of time varying valocltlea makea 
tha ateady atate EHL tlieory of value only In 
predicting wliat la happening at a given time in- 
atant and then only approximately. Further ax- 
perlmenca may be the axiat fruitful avenue here. 
Hedge and aqueeae affacta are both critical to 
overall aeal leakage, friction, and wear. There 
ia an acuta need for long-life reciprocating 
aeala; it will probably be the key alameiit in 
determining, for example, the feaalbllity of the 
Stirling engine in many appllcat Iona , The Im- 
portance of aeal geometry and operating varia- 
blea to the eatabliahment of EHL fllma ahould be 
Che aubject of further atudiea. 
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TABLE I. - EHL PILH mCKMESSES AND TEST BEABING LIFE BESI LTS 
(APTEB BAMBERCEB (18)) 


Ta*Mrat..re, 
*C (F) 

EHL film th'cknaaa,* 
w* (uln.) 

Fll* parameter, 
lambda 

Batlo, 

bearing L^g Ufa 
AFBMA Ufa 

203 (400) 

0.231 (10) 

l.b 

17 

2b0 (300) 

.172 (b.8) 

2.3 

24 

313 (bOO) 

.127 (3) 

1.8 

13 


‘obtained fro* rolling dlak nachlna. 
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THRUST LOAD PER BALI, N 

Figure L - Cage/shaft speed ratio versus thrust load per tMtI. 
•After Harris (71. > 
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(b> POWER LOSS. 

Figure 2. - Comparison of measured and calculated values 
of bearing operating characteristics as functions of thrust 
load using t«o versions of SHABERTH. Shaft speed. 

16 TOO rpm; lubricant Mow rate. 8. 3x10'^ cubic mrter per 
minute (2. 2 gal/mint; volume of lubricant 2 percent 
•After Coe(9U 
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Figure 3. - Roller bearing cage speed correlation. (After Rum- 
barger (18). ) 



Figure 4 - Projected roller-rib contact in a tapered roller bearing. 
(After Wren (K). I 



SURFACE ROUGHNESS, LAMBDA 

Figure 3. - Group fatigue life L^q as a function of larnbda. 
•After Tallian (31U 
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Figure 6 > Lubric 2 tion*life correction factorn a function 
of tantjita. (FroflH34U 
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RATIO OF CALCULATED FILM THICKNESS TO SURFACE 


TEXTURE. LAMBDA 

Fiqure 8. - ProbibHity ol tooth surfxe distmv. lAher 
WelUuer (4Si. I 


Figure 7. - Bearing life at field operating conditions as function 
of surface finish. (After Russell (39). » 




Figure 9. - Typical experimental traces of starting friction 
for varying terminal velocity and (Veil time. Sealed pres- 
sure. 11 bar latter Gibson lS4i. l 
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Figure 10. - Pumping ring model. (After Zull (55l. ) 


